Abstract. A single-shot longitudinal phase space diagnostics is currently being assembled at the Argonne Wakefield Accelerator (AWA). The diagnostics consists of mapping the longitudinal phase space coordinates to the transverse position space plane using a beamline that incorporates two magnetic dipoles arranged as a dogleg followed by an rf deflecting cavity. The deflecting cavity streaks the beam vertically while the dipole magnets bend horizontally. In this paper, we analyze analytically and via numerical simulations the performances of such diagnostics and their limitations. Simulations done in IMPACT-T shows good reconstruction of the longitudinal phase space.
INTRODUCTION
Advanced accelerator applications require precise measurements of a large variety of beam parameters. There is a strong demand for electron beams with kilo-ampere-level peak current, sub-picosecond time duration and low longitudinal emittances [e.g. short-wavelength free-electron lasers (FELs), wakefield accelerator, THz radiation sources,...]. In addition some of the applications require precisely-tailored current profiles (e.g. linear-ramped profiles). Measuring the current profile is challenging for beams with durations in the sub-picosecond range. Traditionally this is accomplished with interferometric [2] or electro-optic sampling [3] techniques. The former method is a frequency-domain technique. The temporal shape is inferred from the spectral properties of radiation emitted by the electron bunch, but the measurement is prone to several limitations and assumptions. The method based on electro-optical imaging does not distinguish between the velocity and radiative field and can sometime be spoiled by wakefield effects. The advantages of the two aforementioned techniques reside in their ability to be non-disruptive.
The use of a TM 110 transverse deflecting cavity to measure the longitudinal bunch profile [4, 5] is to date the most accurate method, however its disadvantage being that it is an invasive method. In this scheme, the beam is passed through at the zero-crossing phase; its head and tail are deflected in opposite directions while its center does not experience any deflecting field. By observing the beam's transverse density on a downstream profile monitor, e.g. a YAG screen, the profile along the axis of deflection provides a direct measurement of the temporal charge distribution. These advantages motivated our choice to use such a deflecting cavity at AWA. The measurement of the energy distribution is normally performed with high-precision spectrometers and is usually done independently from the temporal profile measurements. For some applications it is important to visualize the complete 2D-longitudinal phase space distributions, rather than just 1D projections. For instance, in wakefield accelerators, such a measurement would provide insights on the wake potential along the bunch. At AWA, we explored the possibility of implementing a singleshot longitudinal phase space diagnostics for beam studies. The scheme consists of mapping the initial longitudinal phase space (z 0 , δ 0 ) to the transverse plane (x, y). Several similar experiment have been done, see Ref. [6, 7, 8] , and most recently the technique was used in a photoinjector to measure the small longitudinal emittance associated with uniformly-filled ellipsoidal bunches [9] .
EXPERIMENTAL SETUP
The longitudinal phase space (LPS) diagnostic discussed in this paper is being installed at the AWA facility. The AWA accelerator incorporates a photoemission source consisting of a 1+1/2 cell rf cavity operating at f = 1.3 GHz. The thereby photoemitted electron bunch exits from the rf gun with a maximum energy of approximately 8 MeV and is further accelerated to a maximum of 16 MeV using a 1.3 GHz standing wave structure (refer to as linac) operating on the TM 010,π/2 mode. The beam charge can be as a high as 100 nC [10] .
The portion of the AWA beamline dedicated to future longitudinal phase space (LPS) measurements is shown in Figure 1 . The two dipoles bend the beam by 20.0 • and −20.0 • respectively along the x-direction (form a dogleg). The transversely-deflecting cavity operated in the TM 110 -like mode at 1.3 GHz. It consists of a 1/2-1-1/2 cell cavity optimized to minimize steering effects [11] . 
THEORETICAL BACKGROUND
We now analyze the LPS measurement technique. As a result of passing through the dogleg beamline, the size of the beam in the horizontal direction will increase due to the non-zero dispersion. The final rms beam size downstream of the dogleg is given by:
where η is the horizontal dispersion downstream and h 2 x ≡ R 2 11 x 2 0 +R 2 12 x 0 2 +2R 11 R 12 x 0 x 0 represents the emittance contribution to the final spot size (here R i j are elements of the transport matrix from the dogleg entrance to the location where the beam spot is measured and variables with subscript 0 correspond to values upstream of the dogleg). In the previous equations the a 2 notation stands for the second-order moment statistically computed from the phase space distribution. Achieving a high resolution on the fractional momentum spread measurement requires the dispersive contribution to the beam size to be much larger than the other contributions, i.e. ηδ 0 h x .
The rf vertically-deflecting cavity is located downstream of the second dipole and its role is to crab the bunches in the vertical plane. Since we wish to measure the longitudinal phase space of the bunch upstream of the dogleg, the dogleg must be made isochronous. This is accomplished by locating a quadrupole between the two dipole. The strength of the quadrupole is set to cancel the longitudinal dispersion, R 56 of the dogleg. Doing so affects the horizontal dispersion. Under these conditions, the vertical beam size at an observation point downstream of the cavity is given by
where κ is the cavity "crabbing" strength, σ z,0 is the initial bunch length upstream of the LPS diagnostics and h 2 y ≡ R 2 33 y 2 0 + R 2 34 y 0 2 + 2R 33 R 34 y 0 y 0 . Similarly to the energy spread measurement, h y limits the achievable resolution on the bunch length. We thus require κσ z,0 h y . Neglecting second-order effects and considering only the single-particle dynamics, the longitudinal emittance upstream of the LPS beamline can be determined from the transverse (x, y) distribution at the YAG screen, see Fig. 1 , via
where γ is the Lorentz factor and β ≡ (1 − 1/γ 2 ) 1 2 . The residual term is H xy = h 2 x x 2 + h 2 y y 2 − 2h x h y xy . Therefore measuring the density distribution in the (x, y) plane and computing its second-order moment would provide the value of the longitudinal emittance.
CALIBRATION
To map the initial longitudinal phase space upstream of the LPS diagnostics beamline onto the transverse plane at the YAG screen, certain transfer matrix elements must be known. First, we need to compute the correlation between the horizontal displacement on the YAG screen and initial fractional energy spread. This is given by the dispersion, i.e. the R 16 ≡ ∂ x/∂ δ 0 transfer matrix element. Second, we need to know the correlation between the vertical position on the YAG screen and the initial longitudinal position within the bunch given by R 35 ≡ ∂ y/∂ z 0 .
These transfer matrix elements are readily provided by a beam optics program. Here we use particle-in-cell simulations performed with IMPACT-T [12] to find out these element values. We track three macroparticles with well-defined initial separations in time or energy throughout the LPS diagnostics beamline. This method mimics the experimental technique we will use to find the values of these elements by impressing a shift in the temporal or energy centroid of the bunch and measuring respectively the change in horizontal or vertical position. Figure 2 shows the three macroparticles with the same position and different energies (top left plot). Due to the dipoles (and quadrupoles located in the dispersive section), they end up at three different horizontal positions at the YAG screen location (top middle). Based on these simulations, we determined R 16 = 1.74 m. The bottom left plot show the three macroparticles with the same energy and different longitudinal positions. Due to deflecting cavity crabbing, they end up at three different vertical locations at the YAG screen location (bottom middle). The calibration is R 35 = (2a+Lc)κ 2 = 3.31, which can be converted as R 35 /c = 0.96 mm/ps (c is the velocity of light). It is worthwhile noting that particles with different energies (top rows in Fig. 2 ) have their final vertical positions slightly changed, leading to an x − y correlation on the YAG screen; see top-middle plot in Fig. 2 . This comes from the dependence of the axial electric field on the vertical coordinate in the deflecting cavity (E z ∝ y).
SIMULATION RESULTS
Realistic numerical simulation of the LPS diagnostic beamline were carried with IMPACT-T by simulating the evolution of the bunch from the photocathode surface up to the final YAG screen of the LPS diagnostics. The typical bunch charge is 100 pC and the bunch profile at the cathode is Gaussian with an rms duration of σ t = 3.4 ps consistent with AWA settings. Since the main condition for a good measurement resolution is to keep the transverse size of the beam as low as possible, we set all beamline elements located upstream of the "half-dogleg" such that σ x and σ y are minimum at the entrance in the first dipole and at the location of the first quadrupole respectively. In order to cancel the longitudinal dispersion R 56 imparted by the dogleg, the first quadrupole was set at -1.05 T/m. Figure 3 show the particle longitudinal phase space distribution before the first dipole and the associated longitudinal phase space reconstructed from the final transverse-position space distribution at the final YAG screen. Overall the simulations support the use of the LPS diagnostics to measure the LPS total energy spread and bunch length. The measurement of emittance which requires a precise measurement of the beam intrinsic energy spread is more difficult. The main limitation arise from the energy spread imparted by the vertical dependence of the axial electric field in the deflecting cavity. A way of mitigating this effect is to collimate the beam with an aperture, thereby reducing its vertical size (as demonstrated in the four right plots in Fig. 3 ). These simulations were done assuming an initial laser spot size on the cathode σ x = 0.5 mm. The calibration constants determined in the previous subsection were used. The beam transverse emittance also impacts the accuracy of this measurement. To study this effect we assume a simple grid-like initial longitudinal phase space and check how it evolves downstream of the beamline for three values of transverse emittance: 0, 0.1 and 0.5 µm. The results are shown in Figure 4 . In the case of zero transverse emittance, the longitudinal phase space is perfectly reconstructed. As the emittance increases, the shape of the reconstructed longitudinal phase space is more distorted and smeared out. 
CONCLUSIONS
The portion of the beamline dedicated to longitudinal phase space measurements is under construction at AWA. We expect to start taking data before the end of this year. Detailed simulations of what we expect to measure were performed with the tracking particle code IMPACT-T. From simulations we conclude that both transverse beam size and transverse emittance must be low in order to obtain reasonable reconstruction of the longitudinal phase space. We determined that the initial transverse beam diameter must be within 1 mm and the initial transverse emittance should be lower than about 1 µm for 100 pC bunch charge. In general, longitudinal bunch profile and total energy spread can be determined with much better accuracy than the uncorrelated energy spread.
